Measurements in Vertical Plane
Introduction
There are several practical applications for the study of turbulent plumes, for example, cooling-tower and chimney exhausts, and hot-water discharges from power plants to lakes and rivers. The plume is also an interesting complex flow in which turbulent motions are strongly influenced by buoyancy. Study of the plume may lead to a better understanding of the role of buoyancy in turbulent shear flows. Early methods of prediction of buoyant jets were based on the well-known integral techniques [1] [2] [3] [4] using empirical physical assumptions about the flow (e.g., the value of an entrainment coefficient). More recent methods [5] [6] [7] [8] involve solution of the complete set of governing partial differential equations using turbulence models of varying degrees of complexity.
The empirical input required in either of the above approaches is to be obtained from detailed experiments. There have been only a few such experiments reported in the literature. These include the early experiments such as those of Rouse, Yih, and Humphreys [9] on round and plane plumes, and Lee and Emmons [10] on a plane plume; the more recent round-plume experiments [11] [12] [13] and the plane buoyant-jet and plume experiments of Kotsovinos [14] reported in [15] . Of the above, the experiments of Kotsovinos represent the only extensive study on plane buoyant jets and plumes, reported in the literature. These experiments were performed in water using a one-component Laser Doppler Anemometer (LDA) for instantaneous velocity measurements and a microthermistor for temperature measurements. Extensive as the work was, the single-component LDA used in [14] did not allow the direct measurement of the turbulent transport of momentum and heat in the cross-stream direction. While detailed data of these turbulent fluxes are available for the round plume from [13] , similar information is not available for the plane plume. The present experiments were designed primarily to obtain this information for the plane plume. In the present experiments, as in those of Kotsovinos and List [15] (referred to henceforth as KL) heat was used to produce buoyancy. A two-component LDA system, coupled with a microresistance thermometer (cold film) was used to measure two instantaneous velocity components U and V and the instantaneous temperature excess AT above the ambient. The study was focused on the asymptotic plume rather than on the entire range of buoyantjet flows. This was done because the asymptotic plume is independent of the initial conditions and hence, represents a well-defined flow configuration. It is, therefore, ideal both for the study of buoyancy effects on turbulence and for use as a basic test case in the development of predictive models for buoyancy-driven flows.
Experimental Conditions and Procedure
The experiments were conducted in a hydraulic flume 7 m long X 0.45 m wide x 0.75 m deep, which served in the present experiments, simply as a large reservior. A nozzle 5 mm in width (D) and 250 mm in span, located at the bottom of the flume served as the source of the two-dimensional vertical submerged buoyant jet. The flow was confined between two plexiglas false side walls spaced 250 mm apart, to improve the two-dimensionality of the flow. The two-component LDA used had a spatial resolution of about 1.1 mm in the spanwise direction and 0.1 mm in the other two directions. The temperature sensor was located within about 1 mm downstream of the center of the focal volume of the LDA. The experimental apparatus, instrumentation and procedure were identical to those used for the study of nonbuoyant jets reported in [16] . Special problems associated with LDA measurements in a nonisothermal flow and with the contamination of the ambient by the heated fluid, as well as the means to assess and minimize these problems are also described in that paper. These will not, therefore, be discussed here. Note that the measurements extended up to a height of 60 D above the nozzle exit and that the last measurement station was about 60 D below the free surface. The results for the plane jet presented in [16] also showed that there are no significant free-surface effects on the flow in the region of measurements.
Flow rate through the nozzle was measured using an orifice meter. The temperature of the jet fluid Tj and the ambient T a were measured using thermistors. The flow rate was maintained constant to within 1 percent and the temperature excess A7}( = Tj -T a ) to within 5 percent over the duration of the experiment. Their average values were used to define the (span averaged) nominal exit conditions for velocity, temperature excess and fluxes of mass, momentum, buoyancy and heat. It may be noted that the accurate knowledge of the exit conditions is not essential for the study of the asymptotic plume and that the exit conditions have been used only for either nondimensionalizing the data or deriving a length scale representative of the axial distance at which the flow can be expected to transform to the asymptotic plume state. The nominal values of these exit conditions are adequate for this purpose. The experiments pertained to four cases of plume flows. These are designated as MSC3, MSC3X, MSC3Y and MSC4. The nominal exit conditions corresponding to the flows are as shown in Table 1 . The coefficient of thermal expansion of water, a in the above table, was obtained from the following expression suggested in [14] :
where Tis the temperature of the water in degrees centigrade. R, is the exit Richardson number defined by agATjD 
Thus the plumes studied can be expected to be turbulent over most of the measurement range. It will also be shown that all the flows reached practically the asymptotic turbulent plume state by x/D = 30 with regard to the mean, and by x/D = 40 with regard to most turbulent properties. They, however, exhibited mild evolving trends in respect of some details of the turbulent structure in the measurement range 30 <*/£>< 60. The conservation of the (kinematic) heat flux integral H, defined by the two-dimensional, integral energy equation
is a good test of not only the two-dimensionality of the flow in the neighborhood of the measurement plane, but also the (11)) M = kinematic momentum flux (equation (7)) M* = nondimensional momentum flux (equation (8)) Prandtl number kinematic mass flux (equation (6))
Pr Q Q* = nondimensional mass flux (equation (19) ) q = square root of turbulent kinetic energy per unit mass R = Richardson number (equation (5) 
Theoretical Framework
The theoretical framework for the analysis of the asymptotic plume has been well developed in the earlier literature [9, 15] and also briefly reviewed by List [17] . A dimensionless number often used to characterize plane vertical buoyant jets is the Richardson number R, which following KL, is defined as
•J:>J:
0= -( -UAydy= -( (UAy + uAy')dy (8)
being the kinematic fluxes of mass, momentum and buoyancy, respectively. All heated jets can be expected to reach eventually an asymptotic state in which all the flow properties assume self similar distributions. Under such conditions, it can be shown [9] that the behavior of a fully turbulent plume is completely described by specifying only the initial kinematic buoyancy flux fy defined by Pj = <*jgHj (9) and that the following functional relationships can be written for such a plume: 
03.
•-. where b is a characteristic width of the plume (usually the halfwidth), and K lt a Q , a M , a u and a, are universal constants. The above relations are based on the assumption of conservation of buoyancy flux in the plume, which is equivalent to the assumption of constant a, since heat flux is unconditionally conserved. In practice, there may be a significant decrease in the buoyancy flux with downstream distance in the nearfield of the source, because of the rapid decrease in temperature (and hence a) along the plume axis. But changes in buoyancy flux will be very small in the far field (see for example Table 2 ). In such cases, it is still reasonable to assume that the above relationships will be valid, provided one uses, instead of the initial buoyancy flux fy, the local buoyancy flux /3(x) defined in equation (8) , which can also be written as
It was found adequate in the present studies to assume a constant average value a(x) (equal to the value at the plume centerline) across the asymptotic plume (x/D>30) without introducing substantial error into the evaluation of (3.
Results and Discussion
Mean Flow Properties. Table 2 gives a summary of the important measured mean-flow properties. Note that the quantities M and (3 will be referred to as "mean-flow" quantities, even though they contain turbulent contribution. It is seen from Table 2 that except in the downstream part of MSC4 the buoyancy flux /3 remains reasonably constant (to within 10 percent) in the range 30<x/D<60.
Kinematic Fluxes of Momentum and Mass.
The experimental data on the kinematic momentum flux M(x) obtained for each of the different flows were found to exhibit, within experimental scatter, a linear variation with axial distance of the form
where A is a constant and x oM is the location of the virtual origin for each flow. Figure 2 (a) shows a plot of the momentum-flux data for all the flows in normalized coordinates. The axial coordinate x* chosen is suggested by KL.
is the ratio of the distance (x-x oM ) from the virtual origin to the typical distance (M//3 2/3 ) required for the flow to transform to the (asymptotic) plume state. The value of (x*-x* M ) should therefore be equal to (or preferably, sufficiently greater than) 1 to insure that the flow has reached the asymptotic-plume state. The scaling used for the vertical coordinate M* is suggested by equation (13) . It is seen from Fig. 2(a) that the flows studied are all in the asymptotic plume state and that most of the data collapse reasonably well on to the straight line
in conformity with equation (13) . A least-square fit indicates a value of 0.74 for the universal constant a M .
The results for the kinematic mass flux are shown in Fig.  2(b) , plotted in normalized coordinates suggested by equation (12) . These data also indicate the linear relation as implied by this equation, namely (19) with a value of 0.48 for the universal constant a Q . The values of a M and a Q from [9] are 0.72 and 0.57, respectively. A growth parameter C p defined as Q c * = M»Hx-XoM y" (20) along with the Richardson number R, was introduced in [15] to characterize the plane buoyant jet. Both C p and R attain universal values in the asymptotic plume. The value of C p for the plume was found from their experiments to be 0.54. Now, C p can be written as
Using the present values of a Q and a M , one gets C pwhich is in reasonable agreement with the KL data.
• 0.56
Centerline Velocity. The asymptotic theory suggests that the centerline velocity in the plume is constant (equation 14). The results for the various plumes are shown in Fig. 3(a) . It is seen from the figure that the normalized variable U m /p 1/3 remains nearly constant for all the flows as implied by equation (14) . There is some scatter in the data but a least-square fit indicates an average value of 2.13, with a standard deviation (indicated by the vertical bar in the figure) of 0.1. Hence,
This value is significantly higher than the value of 1.66 reported by KL and the value of 1.8 reported by Rouse, Yih, and Humphreys [9] . The probable reasons for this difference, especially with the former experiments and its implications will be discussed later.
Entrainment Rate. The entrainment coefficient C E for the asymptotic plume, can now be computed from the usual definition
With a Q = 0.48 and a u = 2.13, equation (23) yields: C E = 0.225. Ths value is in agreement with the value of about 0.22 observed by KL and confirms the earlier conclusions of [14, 17] that the entrainment rate in a plume is nearly twice that in an isothermal jet (C E for jet = 0.110). decays as the inverse square root of the distance from the origin [16] . The temperature-decay results for the different plumes are shown in Fig. 3(b) , after shifting the origin (by an amount x ol ) as necessary in each case. This figure demonstrates that the axial temperature decays nearly as (x* -Xg,)~l as indicated by equation (15) . The large departure from this trend in the case of the MSC4-data is caused by contamination and possibly three dimensional effects already referred to. The temperature decay in all the flows can be approximated by the law
Decay of Centerline Excess
(24) \agAT m with a, = 0.39. The values for a, reported by KL, and Rouse, Yih, and Humphreys are 0.42 and 0.385, respectively, and considering experimental uncertanties, these are not too different from the present value. It may be noted that for small temperature differences, a, can also be taken to be the slope corresponding to the decay of the centerline specific-weight defect,
-Ay m .
Velocity and Temperature Half Widths. If the asymptotic plume is selfpreserving, it is reasonable to define, in the usual way, half widths b u and b, of the velocity and temperature distributions across the plume, as two characteristic length scales. They can be obtained directly from the measured velocity and temperature distributions. These data were found to exhibit very nealy linear growth rates for both b u and b, as indicated by equation (11) The unduly large departure, from the general trend, of the MSC4 data for K u is due to reasons already mentioned. The Based on this and the other results presented so far, it is reasonable to state that all the flows studied have attained near-asymptotic state of turbulent plume, within the limits of experimental uncertainties.
Mean Velocity and Temperature Distributions.
Profiles of the longitudinal mean velocity U and the temperature excess AT are shown in Fig. 5 typically for the flow MSC3. In Fig.  5 (a) the distributions are plotted after centering them with respect to the axis of the flow in order to correct for any small asymmetry in the flow. Also, corrections for the zero shift (in the instrumentation) and ambient contamination have been applied (for details see [19] ). The profiles show some scatter but this is acceptable considering the difficulty in making these measurements. All the profiles exhibit near-selfsimilarity for x/D > 20. Also shown in these figures are the universal Gaussian curves -= exp(-0.69r;2)
While the velocity and temperature distributions are not drastically different from Gaussian, it is possible to detect a small but consistent difference, especially in the case of the temperature distribution. Of course, there is no reason to expect that the velocity or the temperature distribution should be exactly Gaussian. The lateral mean velocities (V) were also obtained from the LDA output. These velocities were, however, very small, being of the order of 0.5-1 cm/s. The uncertainty in their determination was therefore rather large and hence are not presented here.
Turbulence Properties
Centerline and ut max /(U m AT m ) take longer to develop. In fact, the last two properties seem to have barely reached their terminal values at x/D = 60. The experimental scatter is also larger in this case. It is possible that these properties are still evolving at this station. However, judging from the data trend, it seems reasonble to assume that most of the evolution has already taken place and that they tend towards the asymptotic values indicated by the horizontal lines in each figure within the uncertainty indicated by the vertical bars. Table 3 summarizes these average symptotic values along with the standard deviations. In the case ofu ',v',uv and t', these averages are_based on the results for 40<x/D<60. In the case of vt and ut, these are based on the results for 50 <x/ D<60. The data from the last two stations of MSC4 have been excluded for reasons already mentioned. Table 3 also includes the available data from KL for plane plumes, data for round plumes from Beuther, Capp, and George [13] and, for comparison, the values for a nonbuoyant jet (at x/D = 40) from Ramaprian and Chandrasekhara [16] . Lastly, the results of recent numerical calculations by Malin and Spalding [8] using a complex turbulence model (the so-called k -w model) are also presented in the table. It can be seen that buoyancy substantially increases the turbulent intensities and turbulent transport. For example, there is a 50 percent increase in the Reynolds shear stress and about 150 percent increase in the turbulent heat fluxes in the plume relative to 74/Vol. 111, MARCH 1989 Transactions of the ASME the nonbuoyant jet. The table also shows that the centerline turbulent intensities «,,',, i> c ' , and t^ are approximately the same in plane and axisymmetric plumes. The maximum fluxes \uv\ r \vt\. and \utI max are, however, about 30-35 percent higher in the plane plume. One of the two sets of results from Malin and Spalding shown in the table corresponds to a constant Prandtl number of 0.5. The other set corresponds to a variable Prandtl number. In this case, the Prandtl number was assumed to depend on a local buoyancy parameter via an empirical algebraic function. It is seen that both the numerical solutions predict the correct trends though they appear to over-predict the fluxes by 15-25 percent. The data of [14] agree with the present measurements in respect of t' d but differ significantly with regard to u' A and ut max . In particular, their value of 0.26 for ut max is several times larger than the typical values measured in other plume experiments (plane or axisymmetric) or predicted by numerical calculations.
Distributions of the Turbulent Properties Across the
Plume. For thej>akej>f brevity, only the distributions of the transport terms uv, ut and vt across the plume are shown. Also, results are shown only for the plume MSC3, as a typical example. Similar results were obtained in other cases. The full lines are the mean (drawn by eye judgement) through the last two measurement stations. Also presented for comparison are similar results for an isothermal and a heated but nonbuoyant jet from [16] . More detailed results can be found in [18] .
Reynolds shear stress:
The Reynolds shear stress distributions are shown in Fig. 7(a) . The data show acceptable symmetry and no significant scatter. Also the results for the isothermal jet agree well with those for the heated jet, thereby confirming that there are no significant effects of the refractive index fluctuations on the measurements. The measurement technique used can therefore be considered satisfactory. The peak value I uv I max /C^ of the shear stress for the isothermal jet, as measured by the LDA is seen to be about 0.020. This is lower (by about 15-20 percent) than the value generally obtained by other investigators using hot-wire anemometry. It is, however, reasonable to compare the results obtained for the isothermal and buoyant flows from the same procedure. It is seen from Fig. 7(a) that the data show self similarity especially beyond x/D = 40. The shear stress values are generally much higher than those measured in the isothermal/nonbuoyant jet. As already mentioned, the measured dimensionless asymptotic peak shear stress of about 0.03 in the buoyant jet is about 50 percent higher than the corresponding value measured in the isothermal/nonbuoyant jet. The accuracy of the shear stress measurements can be assessed by examining consistency with the momentum equation. Assuming selfsimilar distributions and asymptotic growth and decay laws for b u , U m , and AT m , the momentum_equation can be integrated to obtain the distribution of uv across the plume (for details see [19] ). This calculated distribution is shown by the dashed line in Fig. 7(a) . It is seen that the shear stress distribution obtained from direct measurements is in agreement with the distribution obtained indirectly from the momentum equation within the limits of experimental uncertainty of about 10 percent. This agreement can be taken as a measure of consistency between the turbulence measurements and the mean flow measurements.
Transverse turbulent heat flux: Figure 1(b) shows the distributions of vt, which is proportional to the transverse turbulent heat flux pc p vt, for the plume MSC3. While these distributions evolve more slowly than the shear stress distributions, the data for the last 2 stations exhibit a strong trend toward self-similarity. The data for the other plumes gave similar results. The recommended asymptotic value of 0.045 is, however, still lower than the calculated value by about 10 percent. Some of the discrepancy may also arise from the physical separation between the points of velocity and temperature measurements.
Longitudinal heat flux:
The distributions of ut (proportional to the longitudinal heat flux and for constant a, also proportional to the longitudinal turbulent buoyant flux) for the plume MSC3 are shown in Fig. 7(c) . The profiles are again seen to evolve toward a self-similar state. The results for the heated nonbuoyant jet at x/£> = 40 are also shown in this figure for comparison. Again, ut/(U m AT m ) shows a drastic increase in the plume in comparison with the results for the nonbuoyant jet. The area under the ut-curve for MSC3 in Fig.  7(c) is defined as the kinematic turbulent heat flux integral (proportional to the turbulent buoyancy flux intregral). Its magnitude is about 0.18, indicating that the total turbulent heat flux across the horizontal plane is a significant fraction of the total mean heat flux. Similar results were obtained with the other plumes also. The corresponding value for the nonbuoyant jet at x/D = 40 is about 0.03 to 0.04. Measurements in a round plume [11, 13] also gave results similar to the present measurements. While the effect of buoyancy on \utdy is thus very significant, it is not, however, as large as was measured by KL (abut 0.5 as against the present value of 0.18 for the integral).
Autocorrelation measurements of u (or v) and t signals showed that the integral length scale was several times larger than the separation between the points of velocity and temperature measurement. It was estimated from these measurements that the maximum reduction in the measured values of vt (and ut), due to this separation is about 10 percent. Hence, the difference between the present heat-flux results and those of KL is likely to be due primarily to the disagreement between the velocity measurements in the two cases. The temperature measurements as well as the twodimensionality of the flows appear to be satisfactory in both the investigations.
Detailed Structure of Turbulence
Turbulent kinetic energy balance: The turbulent kinetic energy equation for the plane buoyant jet at any axial location x can be written in the following nondimensional form using the half-width of the velocity profile and the centerline velocity as the normalizing length and velocity scales respectively [19] .
This equation is the same as the usual kinetic energy equation for an isothermal jet except for the additional production term due to buoyancy (fourth term). Since w 2 was not measured in the experiments, q 2 was obtained from the usual assumption (see [20] ),
Similarly, q 2 v was assumed to be given by
These approximations are acceptable for the purpose of comparing the essential features of jets and plumes. Some of the energy balance terms, in equation (28), were measured in the plume MSC3. These are presented and compared in Figs. 8(a) and 8(b), with the corresponding results for an isothermal jet from [16] . As is the usual convention, positive quantities in the figure denote a "loss" (or flux out of the control volume) and negative quantities denote a "gain" or flux into the control volume. It is seen that there is no significant effect of buoyancy on the diffusion term (fifth term). On the other hand, it is clear that the rate of turbulent energy production by shear (third term) is increased significantly by buoyancy. This is a direct consequence of the increase in the Reynolds shear stress in the plume, since the nondimensional velocity gradient
is very nearly the same in the isothermal jet and plume. In addition to this, there is also a direct production of turbulent energy by buoyancy. The total buoyant production across the plume can be estimated from Fig. 8(b) to be about 30 percent of the energy produced by shear. Previous studies by Kotsovinos [14] as well as the spectral and intermit- tency results obtained in the present study (but not presented in this paper) seem to show that the buoyant contribution occurs through the generation of large-scale eddies by gravitational disturbances. These are created by the destabilizing effect of the fluctuating buoyancy. The model suggested for this process in [21] appears to be reasonable. Buoyancy thus increases turbulent energy in two ways, directly by generating large-scale disturbances and indirectly by raising the turbulence level (and thereby the Reynolds shear stress) which in turn extracts more turbulent energy from the mean flow. The most striking difference between the jet and plume is with regard to the contribution to the turbulent energy balance by advection (first two terms in equation (28)). The advection is zero at the plume centerline and is very small in the vicinity of the centerline as opposed to large and negative values at and around the centerline of the isothermal jet. The zero advection at the plume centerline is a result of the constancy of U m and hence of the turbulent energy (q 2 /2) which scales with U 2 , in the x-direction. In a jet on the other hand, the turbulent energy at the centerline decays as x~'. In fact, a study of the continuity requirement would show that the streamlines in the plume are convergent everywhere except at the centerline where they are parallel. In the jet, the streamlines are convergent in the outer regions and divergent in the central part. The difference between the advection curves in the jet and plume is predominantly due to this difference in their streamline patterns.
Conclusions
1. The study confirms many of the results from earlier studies on the asymptotic two-dimensional plume. For example, the study has confirmed that all plane buoyant jets reach a universal asymptotic state in respect of both the mean and tur-76/Vol. 111, MARCH 1989 Transactions of the ASME bulent flow properties. However, the present mean-flow measurements, while indicating the constancy of U m and Richardson number R in the asymptotic plume, yield larger values for U m (and hence, for R) than measured by Kotsovinos and List [15] . Future experiments will hopefully resolve this difference. 2. Buoyancy causes a significant increase in the turbulent intensities and turbulent fluxes and transport coefficients. The order of increase observed in the present experiments is similar to that observed by Beuther, Capp, and George in round plumes [13] , but significantly smaller than that observed in [15] .
3. The turbulent kinetic energy balance shows increased production by Reynolds shear stress and also significant buoyant production near the central region of the plume. Production from these two sources is responsible for the sustenance and enhancement of turbulence in the plume.
